Introduction receptor, EphA3, in an increasing gradient from nasal to temporal retina, consistent with a potential role for The Eph family of receptors, the largest subgroup of ephrin-A2 and ephrin-A5 in providing positional informareceptor tyrosine kinases (Tuzi and Gullick, 1994; Bram- tion for developing retinotectal axons (Cheng et al., billa and Klein, 1995) , bind a family of cell surface pro-1995; Drescher et al., 1995; Monschau et al., 1997) . In teins known as ephrins (Eph Nomenclature Committee, mice, ephrin-A2 (Zhang et al., 1996) and ephrin-A5 (Don-1997) , which are anchored to the plasma membrane oghue et al., 1996; Zhang et al., 1996) are expressed in either by a glycosyl phosphatidylinositol (GPI) linkage the embryonic superior colliculus (SC), with ephrin-A5 (ephrins A1-A5) or by a single transmembrane domain transcripts present in a low rostral to high caudal gradi-(ephrins B1-B3) (Pandey et al., 1995) . With few excepent (Donoghue et al., 1996) , and ligand binding activity tions, GPI-linked ephrins activate the subgroup A of indicates a high temporal to low nasal gradient of EphA Eph receptors (EphA1-EphA8), whereas the transmemreceptors (Marcus et al., 1996) . In vitro, ephrin-A2 and brane ephrins activate the subgroup B of Eph receptors ephrin-A5 repel retinal axons and cause the collapse of their growth cones (Drescher et al., 1995; Nakamoto et al., 1996; Brennan et al., 1997; Meima et al., 1997 ; ‡ These authors contributed equally to this work. Monschau et al., 1997) . Moreover, temporal axons avoid § These investigators are co-senior authors.
areas of ectopic expression of ephrin-A2 in the rostral ing retrovirus . However, the funcSweden. # To whom correspondence should be addressed.
tional significance of ephrins and the consequence of the loss of ephrin expression for retinal axon guidance and gene expression in these mice. Examination of postand topographic map formation remains unknown.
natal day 0-1 (P0-P1) brain sections indicated that all of the major brain commissures, including the dorsal midbrain commissures (habenular commissure, the posResults terior commissure, and the commissures of the superior and inferior colliculi), appear normal in ephrin-A5
Ϫ/Ϫ

Generation of ephrin-A5
Ϫ/Ϫ Mice mice. In wild-type mice, ephrin-A5 is expressed in the To test whether ephrin-A5 is required for the proper colliculi during the development of the retinocollicular development of the retinocollicular projection, we have projection. ephrin-A5 has high expression in the inferior generated gene-targeted mice carrying a null mutation colliculus (IC) and a decreasing gradient of expression in the gene encoding ephrin-A5 (Figure 1 ). The majority from caudal to rostral SC in embryonic (Donoghue et of these mice reach adulthood, are fertile, and do not Zhang et al., 1996) and neonatal ( Figure 2A ) display any overt morphological or behavioral defects.
mice. In contrast, ephrin-A2 expression is not evident However, a subpopulation of newborn ephrin-A5 Ϫ/Ϫ in the IC in either embryonic (Zhang et al., 1996) or mice (17% [17 of 100 born]) display defects in the dorsal neonatal ( Figure 2B ) mice but is relatively high throughmidline of the head with various degrees of penetrance out much of the SC, with lower levels in rostral and (data not shown). The mildest cases display a hematoma caudal-most SC. (data not shown), which regulate the anterior-posterior gland, and trigeminal ganglia. All anencephalic mice die polarity of the midbrain and of the retinotectal projecimmediately after birth. Anaylses of retinal axon guidtion Nakamura, 1992, 1996 ; Friedman and ance and topographic mapping were done in ephrin-O' Leary, 1996b) , are similar in wild-type and ephrin-A5 Ϫ/Ϫ mice that had no obvious morphological defects A5 Ϫ/Ϫ midbrain (compare Figures 2D and 2E) . Taken of the cranium or brain.
together, these findings indicate that the anatomical To rule out that an undetected defect compromises integrity and the anterior-posterior polarity of the midthe midbrain in the ephrin-A5 Ϫ/Ϫ mice, which in turn brain is unaffected in the ephrin-A5 Ϫ/Ϫ mice used for might indirectly affect retinal axon patterning, we carried out a more detailed assessment of the neuroanatomy the analyses of retinal axon targeting.
axons project exclusively to the topographically appropriate site in rostral SC where they densely arborize in a focused termination zone (TZ) ( Figure 3A ). In ephrin-A5 Ϫ/Ϫ mice (n ϭ 16), labeled temporal axons arborize at the topographically appropriate TZ in rostral SC; however, in half of these cases we also observe topographically aberrant projections ( Figures 3B and 3C ). In each of these cases (n ϭ 8), a proportion of the labeled temporal axons continue caudally across the SC and arborize in a dense, well-focused ectopic TZ in the caudal-most SC near its border with the IC. In addition, aberrant arborizations are observed elsewhere in the SC, most typically in rostral SC ( Figures 3B and 3C ). Aberrant arborizations are infrequently observed in mid-caudal SC, and when present they are much less dense than those found at other sites. Thus, temporal retinal axons map to both appropriate and inappropriate sites in the SC of ephrin-A5 Ϫ/Ϫ mice. The pattern of aberrant arbori- 
A5
Ϫ/Ϫ mice likely have an aberrant topographic map, even though we only observe aberrant retinal projecEphrin-A5 Is Required for Proper Topographic tions in half of the anterogradely labeled cases. In conMapping of Retinal Axons in trast to the aberrant distribution of ganglion cells labeled the Superior Colliculus from the caudal-most SC, the distribution of ganglion Retinal axons first reach the contralateral SC on embrycells retrogradely labeled by DiI injected into mid-caudal onic day 14 (E14). However, topographic order in the SC is similar in wild-type (n ϭ 3) and ephrin-A5 Ϫ/Ϫ mice retinocollicular projection emerges later, during the first (n ϭ 2). Mid-caudal SC injections label a focused cluster postnatal week, through remodeling of an initially diffuse of ganglion cells at the topographically appropriate locaprojection O'Leary, 1992a, 1992b ; Yates and tion in nasal retina but very few cells elsewhere in the O'Leary, unpublished data). Therefore, we assessed the retina ( Figures 3F and 3G ). This finding is consistent requirement of ephrin-A5 for topographic mapping in with the paucity of aberrant arborizations in mid-caudal P11-P15 mice, many days after order is normally estab-SC in the anterograde labeling cases (Figures 3B and lished, using anterograde and retrograde tracing of reti-3C). Taken together, these results indicate that ephrinnal axons. Anterograde analysis was done by making A5 is required for the development of the normal toposmall focal injections of DiI in temporal retina, which graphic organization of the retinocollicular projection. expresses the highest levels of EphA receptors (Marcus et al., 1996) , and retrograde analysis with focal injections of DiI in caudal SC, which expresses the highest levels Early Retinal Axon Guidance Defects in ephrin-A5 Ϫ/Ϫ Mice of ephrin-A5 (Donoghue et al., 1996) . These complementary approaches reveal the distribution in the SC of ax-
The high level of ephrin-A5 expression in the IC relative to the SC, along with in vitro data showing that ephrinons arising from a specific site in the retina and the distribution of retinal ganglion cells that send axons to A5 repels or collapses retinal axon growth cones (Drescher et al., 1995; Meima et al., 1997 ; Monschau et al., a specific site in the SC. Analyses were done on the SC and retina contralateral to the injections.
1997), suggests that it may have a role in restricting retinal axons to their target, the SC, preventing them In wild-type mice (n ϭ 7), labeled temporal retinal from overshooting into the IC. To address this hypotheand ephrin-A5 Ϫ/Ϫ mice at the border of the SC and IC (data not shown). DiI injections into caudal IC retrosis, we examined the targeting of temporal retinal axons in P1-P2 mice using anterograde and retrograde axon gradely label significantly fewer ganglion cells in the contralateral retina of wild-type mice ( Figure 4E ; n ϭ 9; labeling. In wild-type mice (n ϭ 9), temporal retinal axons extend across the entire rostral-caudal axis of the con-176 Ϯ 56 [SEM] per retina) compared to the ephrin-A5 Ϫ/Ϫ mice ( Figure 4F ; n ϭ 13; 632 Ϯ 112 [SEM]; p Ͻ tralateral SC, and only a small number continues caudally into the IC ( Figure 4A ). In every ephrin-A5 Ϫ/Ϫ case 0.005), confirming the anterograde findings. In wild-type mice, the distribution of labeled ganglion cells is biased, (n ϭ 13), a substantially greater number of labeled axons overshoot into the IC ( Figure 4B ). In both wild-type and with a significantly greater number in nasal retina (138 Ϯ
[SEM]) compared to temporal retina (38 Ϯ 11 [SEM]; ephrin-A5
Ϫ/Ϫ mice, the overshooting axons are fasciculated, remain at the surface, do not arborize, and conp Ͻ 0.05). In contrast, in the ephrin-A5 Ϫ/Ϫ mice, the labeled ganglion cells are uniformly distributed across tinue into caudal-most IC ( Figures 4C and 4D) . However, the fascicles of overshooting axons are substantially the retina, with no significant difference in the number labeled in nasal retina compared to temporal retina thicker in the ephrin-A5 retinal axons are not restricted to their proper midbrain is no significant difference in retinal neurite outgrowth between SC membranes from wild-type ( Figure 5A ; n ϭ target, the SC, and overshoot it aberrantly into the IC.
The aberrant retinal projection to the IC is not main-14; 1. Figure  5B ; n ϭ 7; 2.2 Ϯ 0.5 [SEM]; p Ͼ 0.4) mice, presumably tained. Anterograde DiI labeling from temporal retina in P11-P15 mice does not reveal any axons extending into due to the presence of ephrin-A2 in the SC. In contrast, retinal neurite outgrowth is significantly less on IC memthe IC in wild-type or ephrin-A5 Ϫ/Ϫ mice ( Figures 3A-3C ). In addition, in P13 mice, DiI injections into the IC label branes from wild-type ( Figure 5C mice have revealed substantial aberrancies in the topoaxons to the SC through growth cone repulsion or inhibition. To address this issue, we used an in vitro memgraphic organization of the retinocollicular projection and, at earlier stages, defects in retinal axon guidance brane substrate assay ) previously used to demonstrate retinal axon responses to memwithin the midbrain. Two sets of findings render it unlikely that these effects on retinal axon targeting are brane-associated molecules in the SC (Godement and Bonhoeffer, 1989; Simon and O'Leary, 1992b ; Roskies due to a defect in anterior-posterior (i.e., rostral-caudal) patterning of the midbrain other than the lack of ephrinand O' Leary, 1994) . Retinal explants from E14-E16 wildtype mice were grown on homogenous carpets of mem-A5. First, the dorsal midbrain is anatomically intact, including midline structures such as axonal commissures, branes prepared from the SC or IC of P0-P2 wild-type and ephrin-A5 Ϫ/Ϫ mice; neurite outgrowth was scored the positioning and size of which would seemingly be influenced by both anterior-posterior and dorsal-ventral on a 0-4 scale (see Experimental Procedures). There our finding that ganglion cells at the same retinal location aberrantly project to multiple sites along the rostralcaudal axis of the SC, rather than to a single location that is shifted caudally in the SC. Finally, the third prediction is inconsistent with our finding of topographically appropriate arborizations of temporal retinal axons in rostral SC of ephrin-A5 Ϫ/Ϫ mice. Although our findings are inconsistent with this gradient model, the distribution of the aberrant projections that we observe in the ephrin-A5 Ϫ/Ϫ mice do appear to relate to the expression pattern of ephrin-A5 relative to ephrin-A2. During normal development of the rodent retinocollicular projection, retinal axons grow well past their topographically correct locations along the rostralcaudal SC axis. Topographic order is established through a bias in the branching of retinal axons at their topographically correct locations along the rostral-caudal axis, followed by a remodeling phase during which appropriately positioned branches form stable arbors and A2 and ephrin-A5, and are inhibited from branching on membranes from topographically inappropriate caudal patterning cues. Further, the anterior-posterior pat-SC, which contain high levels of ephrin-A2 and ephrinterning of the midbrain appears normal in ephrin-A5 Ϫ/Ϫ A5. Removal of GPI-anchored molecules such as ephrinmice, as defined by the expression patterns of ephrin-A2 and ephrin-A5 from the caudal membranes elimi-A2 and the engrailed genes En-1 and En-2, which confer nates the branching specificity of temporal axons for anterior-posterior polarity to the midbrain (Itasaki and rostral membranes . Nakamura, 1992 Nakamura, , 1996 Friedman and O'Leary, 1996b) In ephrin-A5 Ϫ/Ϫ mice, temporal axons aberrantly arboand regulate the expression of ephrin-A5 and ephrinrize in caudal-most SC as well as at topographically A2 (Logan et al., 1996; Shigetani et al., 1997) . These correct and incorrect locations in rostral SC. Aberrant findings indicate that the defects in retinal axon patarborizations are infrequently found in mid-SC, where terning in the midbrain of ephrin-A5 Ϫ/Ϫ mice are the ephrin-A2 is most highly expressed. Thus, in ephrindirect consequence of the lack of ephrin-A5 and its A5 Ϫ/Ϫ mice, the aberrant arbors are most frequently normal influence on retinal axon targeting.
found in parts of the SC where ephrin-A5 would normally Ephrin-A2 and ephrin-A5 have been hypothesized to be expressed and ephrin-A2 is expressed at low levels guide retinal axons to their correct topographic loca-( Figure 6 ). We suggest that in ephrin-A5 Ϫ/Ϫ mice, retinal tions in the optic tectum through growth cone repulsion axons branch and arborize at reproducible but topoor inhibition, based on their smooth, increasing rostral graphically inappropriate locations in the SC because to caudal graded distributions in the chick optic tectum of the lack of the repellent activity of ephrin-A5, and and their ability to differentially repel temporal and nasal because the low level of ephrin-A2 repellent activity at retinal axons in vitro ; Monschau these locations is insufficient to compensate for the lack et al., 1997). Such a gradient model would predict sevof ephrin-A5. These in vivo findings in ephrin-A5 Ϫ/Ϫ mice eral possible organizations for the retinal projection in are consistent with in vitro findings that GPI-linked repelthe absence of ephrin-A5, including (1) a topographically lent molecules regulate topographic specificity in retinal appropriate map if ephrin-A2 fully compensated for the axon branching and arborization by inhibiting their loss of ephrin-A5, (2) a topographic map that would formation and stabilization at inappropriate locations shift caudally in an orderly manner if ephrin-A2 partially . The distribution of the abcompensated for the loss of ephrin-A5, and (3) a projecerrant arbors at multiple, widely separated sites along tion that would have no topographic order along the the rostral-caudal SC axis in the ephrin-A5 Ϫ/Ϫ mice sugrostral-caudal axis if ephrin-A2 did not compensate at gests that ephrin-A2 by itself does not form a smooth all for the loss of ephrin-A5. Our findings do not fit with rostral to caudal gradient of repellent activity across the these predictions. The first prediction is readily disentire SC. However, in the normal SC, ephrin-A2 and counted, since the topographic organization of the retiephrin-A5 together may form a smooth gradient of repelnocollicular projection is clearly aberrant in the ephrinlent activity across the SC. These inferences drawn from the topographic mapping of retinal axons in wild-type A5 Ϫ/Ϫ mice. The second prediction is inconsistent with 
Mice to Expression Domains of ephrin-A5 and ephrin-A2
In wild-type mice, focal injections of DiI into temporal retina label a dense termination zone in topographically appropriate rostral superior colliculus (SC). The distinct expression patterns of ephrin-A5 and ephrin-A2 may together form a smooth repellent gradient across the colliculus and work in concert to help establish the normal topographic map.
In ephrin-A5 Ϫ/Ϫ mice, injections of DiI into temporal retina label termination zones at both topographically appropriate and inappropriate locations in the SC. The pattern of ectopic arbors relates to the expression pattern of ephrin-A2. Ectopic arbors occur most frequently in caudal-most and rostral SC, where there is low ephrin-A2 expression, but are found rarely in mid-SC, where there is high ephrin-A2 expression. This reproducible distribution suggests that in the absence of ephrin-A5, abberancies are present where the levels of repellent activity due to ephrin-A2 are too low to prevent the stabilization of ectopic temporal arbors. C, caudal; I, inferior; L, lateral; M, medial; N, nasal; R, rostral; S, superior; T, temporal.
compared to ephrin-A5
Ϫ/Ϫ mice are consistent with the regions of retina that express low levels of EphA receptors, whereas in ephrin-A5 Ϫ/Ϫ mice, the substantial indifferences in the distributions of ephrin-A5 and ephrin-A2 transcripts in the SC (present study; Donoghue et crease in the number of overshooting axons appears to be independent of the level of expression of EphA al., 1996; Zhang et al., 1996) and the high caudal to low rostral graded binding of receptor-affinity probes, which receptors. These results taken together indicate that ephrin-A5 helps to restrict retinal axons to the SC and reveals the overall distribution of ephrin-A ligands in the SC (Zhang et al., 1996) . We propose that this gradient also controls the topographic mapping of retinal axons within the SC. of repellent activity mediated by ephrin-A ligands helps control topographic specificity in retinal axon branching and arborization rather than topographic specificity in
Experimental Procedures
initial growth cone targeting.
Generation of ephrin-A5
Ϫ/Ϫ Mice
In ephrin-A5 Ϫ/Ϫ mice, we also observe a substantial
The 5Ј arm of the targeting plasmid was generated by subcloning increase in the number of retinal axons that initially over-
